The nucleotide sequence of MpSv-1, a novel androgenregulated gene exclusively expressed in mouse seminal vesicle, was analyzed to establish a 5-flanking region of 2123 bp, three exons of 95, 765, and 330 bp, and two introns of 222 and 811 bp. The transcription unit is organized with the first exon encoding a signal peptide, and the second a secreted protein, whereas the third encompasses a 3-non-translated nucleotide that shares common features of rapid evolving substrates of transglutaminase gene family. The protein sequence deduced from this gene contains 265 amino acid residues in which the central part, residues 116 -145, is a region composed of five short tandem repeats, consisting of four amino acid residues, QXK(S/T), where X is an aliphatic amino acid residue. Among the mouse seminal vesicle secretory proteins that could be resolved by SDS-PAGE into seven major components, SVS I-VII, the antiserum against residues 77-109 of the MpSv-1-translated protein only reacted with SVS III. Matrix-assisted laser desorption/ionization-time of flight mass spectral analysis from a trypsin digest of SVS III supported this protein as derived from MpSv-1. SVS III was immunolocalized to the epithelium of both the primary and secondary folds of the seminal vesicle and the copulatory plug. All of mouse SVS I-III were proven to be substrates of transglutaminase and could be cross-linked readily after the enzyme reaction. The transglutaminase crosslinking site of SVS III was identified to be the tandem repeats of QXK(S/T) in the central part of this protein molecule.
Seminal vesicles are present in most male mammals. After puberty, seminal vesicle secretion (SVS) 1 accumulates in the lumen of this reproductive gland. Upon ejaculation, SVS is discharged and makes up the major portion of the seminal plasma that is the complex biological fluid formed from the mixing of various fluids in the male reproductive tract. Because rodents have proven to be good experimental animals for the molecular study of mammalian reproduction, attempts have been made to study the structure and function of mouse SVS proteins. They consist of several minor components such as SVA (1), p12 (2) etc., and seven well defined major proteins designated SVS I-VII in decreasing order of M r ϭ 95,000 -8,000 according to their mobilities on SDS-PAGE (3). The structure and function of SVS II (4), SVS IV (3), and SVS VII (5) have been reported.
Semen is coagulated in a substantial number of mammalian species, such as many myomorphic rodents, certain moles, hedgehogs, marsupials, rabbits, stallions, boars, and several primates (6) . The deposition of semen coagulum of such animals, including rodent, into the vagina at coitus results in the formation of a copulatory plug that occludes the vaginal barrel close to the uterine cervix. Thus extirpation of the seminal vesicle and coagulating gland (anterior prostate) from a mouse prevents formation of a vaginal plug and greatly reduces fertility (7) . Therefore, the importance of male accessory sexual glands in the physiological utilization of semen coagulum in mammalian reproduction, although still not well defined, should not be overlooked. In this regard, it has been demonstrated that human plasma factor XIII, a secretory transglutaminase (8, 9) , is able to catalyze the cross-links of both semenogelin I/II (10) and mouse SVS I/II (4) . Because these transglutaminase protein substrates are exclusively expressed in seminal vesicle and have their transcription units in a similar arrangement, they are referred to as rapidly evolving substrate of transglutaminase (REST) (11, 12) . Transglutaminase is secreted from some male accessory sexual glands. For instance, the RNA message of a secretory transglutaminase has been identified in the human prostate (13) , and a transglutaminase has been purified from rat coagulating gland fluid (14) . Apparently, the transglutaminase-catalyzed protein cross-linking, subsequent to the discharge of luminal fluid of male accessory sexual glands, may result in the formation of the semisolid gelatinous mass in human semen or seminal plasma clotting in rodent semen. In this work, we present data to support mouse SVS III as a novel REST that participates in the formation of the copulatory plug. Our results conclude that the five tandem repeats of a tetrapeptide QXK(S/T) in the central part of this protein molecule act as the transglutaminase cross-linking sites.
EXPERIMENTAL PROCEDURES
Proteins and Chemicals-Guinea pig liver transglutaminase (EC 2.3.2.13), thrombin, trypsin, Schiff's reagent, monodansylcadaverine and 3,3Ј-diaminobenzidine were purchased from Sigma. Human plasma coagulation factor XIII was purchased from Calbiochem. Goat antirabbit IgG conjugated with alkaline phosphatase or horseradish perox-* This work was supported in part by Grants NSC90 -2311-B002-023 and NSC90 -2311-B001-049) from the National Science Council, Taipei, Taiwan. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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Animals and Hormone Treatment-Outbred ICR mice were from the Charles River Laboratories (Wilmington, MA) and were maintained and bred in the animal center at the College of Medicine, National Taiwan University. Animals were treated according to the institutional guidelines for the care and use of experimental animals. They were housed under controlled lighting (14 h of light, 10 h of dark) at 21-22°C and were provided with water and NIH 31 laboratory mouse chow ad libitum. Animals were humanely killed by cervical dislocation.
For investigation of the androgenic effect, adult male mice (8 weeks), which had been castrated for 3 weeks, received a daily subcutaneous injection of testosterone propionate in corn oil (5 mg/kg body weight) for 8 consecutive days. The control animals received corn oil only. Seminal vesicles were removed from the animals 12 h after the last injection.
cDNA and Genomic Cloning-Total cellular RNA was prepared from the seminal vesicles of adult mice using an Ultraspec-II RNA isolation kit (Biotex, Houston, TX). A MpSv-1 cDNA fragment (nucleotides 55ϳ95 and 318ϳ873 of Fig. 1 ) was obtained from amplification of the total RNA using the Access RT-PCR kit (Promega, Madison, WI) with a primer designed for the DNA. The polyadenylated fraction of the total RNA was isolated according to the instructions of the Oligotex mRNA mini kit (Qiagen GmbH, Hilden, Germany). Single-stranded cDNA was prepared from the polyadenylated RNAs, using a ZAP-cDNA synthesis kit (Stratagene, La Jolla, CA). Preparation of double-stranded cDNAs, construction of orientation-specific cDNA in the Uni-ZAP XR vector with EcoRI/XhoI terminus, and packaging of the constructed vectors into phage followed the manufacturer's instructions (Stratagene). The recombinant phages were transfected into the bacterial host XL1-Blue MRFЈ strain. The cDNA library efficiency was 2.5 ϫ 10 5 plaque-forming units/g of cDNA.
According to the partial rat pSv-1 (RpSv-1) cDNA sequence reported by Izawa (15) , one oligonucleotide, 5Ј-CCTCCTTCTGGAGAAGCAAGC-3Ј, which represents 1-21 nucleotides of the cDNA sequence and another oligonucleotide, 5Ј-AATGCTACTGTTTTACTGGAC-3Ј, which is complementary to nucleotides 577-597, were employed as a primer pair for RT-PCR amplification of the total RNA of mouse seminal vesicle to yield a DNA fragment (ϳ600 bp). The DNA fragment, which was tentatively designated as the MpSv-1 cDNA fragment, was sequenced to confirm 81% identity with the corresponding nucleotide sequence of RpSv-1. Plaques from the cDNA library were screened by DNA hybridization using a random-primed probe to the MpSv-1 cDNA fragment, which was prepared using a Prime-a-gene kit (Promega, Madison, WI). Randomly chosen positives from different pools were plaque-purified. They were excised into a phagemid using the ExAssist interferenceresistant helper phage and transformed into the bacterial SOLR TM strain for DNA sequencing.
Based on the MpSv-1 cDNA sequence ( Fig. 1) , four oligonucleotides, GSV I-IV, were synthesized. GSV II/III represents nucleotides 30 -58/ 59 -79. GSV I is complementary to GSV II, and GSV IV is complementary to nucleotides 2195-2223. PCR amplified DF II/DF IV from an adaptor-DraI library and DF I/DF III from the SspI and PvuII libraries of the GenomeWalker kit (CLONTECH, Palo Alto, CA) using the adaptor primer (AP-1) and each of GSV I-IV as the primer pair (Fig. 1) . The PCR-amplified DNA fragment was then ligated into the pGEM-T-easy vector (Promega) via TA cloning, and the recombinant plasmid was introduced into Escherichia coli JM109 strain by transformation.
5Ј-Rapid Amplification of cDNA Ends (RACE) and Northern BlottingUsing 5Ј-RACE to map the transcription initiation site followed the report of Gong and Ge (16) by using the SMART TM RACE system (CLONTECH). The 5Ј-RACE cDNA synthesis primer and SMART II oligonucleotide were mixed with 500 ng of polyadenylated RNA freshly prepared from mouse seminal vesicle, and the first-strand cDNA synthesis was achieved by Superscript II reverse transcriptase (Invitrogen, Groningen, The Netherlands). An antisense oligonucleotide, which is complementary to TTGTG-CAAACTAAGCACCATGCAT in the MpSv-1 cDNA (nucleotides 435-458 of Fig. 1 ), and Universal Primer Mix were added to the 5Ј-RACE-Ready cDNA to amplify the 5Ј-end of MpSv-1 cDNA using Advantage 2 polymerase mixture (CLONTECH). Finally, a nested primer pair including the nucleotide ACCAGTTCCTCTATGGGCAC in MpSv-1 cDNA in antisense (nucleotides 378 -397 of Fig. 1 ) and the nested universal primer were used for the nested PCR. The amplified DNA fragments were cloned and sequenced to establish the transcriptional initiation site.
A MpSv-1 cDNA fragment inserted into the pGEM-T-easy vector and a cDNA fragment of the mouse glyceraldehyde-3-phosphate dehydrogenase gene (1233-bp) inserted into the pGEM3 vector were used as a template to prepare the 32 P-labeled cDNA probes using a Promega random-priming kit. The general procedures of Northern analysis were followed (17) . RNA samples were separated in denaturing 1.5% agarose/ formaldehyde gel and then blotted onto a nylon membrane filter by capillary transfer. The membranes were hybridized with one 32 P-labeled probe, and the RNA messages on the filter were visualized by autoradiography. The probe was removed from the membrane, and the same membrane was then hybridized with another 32 P-labeled probe. Thus, hybridization with two probes was performed on the same filter membrane.
Construction of Expression Vectors for Recombinant Polypeptides-
The cDNA fragment-encoded residues 21ϳ105, 77ϳ109, 116ϳ145, 147ϳ196, or 197ϳ237 of the MpSv-1-translated protein ( Fig. 1) were amplified from the MpSv-1 cDNA as a template by PCR, using a primer pair of the 15-nucleotide sequences at the 5Ј end of each cDNA with a BamHI site linked to the sense oligonucleotide and a EcoRI site linked to the antisense oligonucleotide. We synthesized the sense oligonucleotide with a BamHI site and the antisense oligonucleotides with an EcoRI site for residues 109 -115, 116 -121, 122-127, 129 -134, 136 -141, and 142-147 and annealed each oligonucleotide pair to obtain the short DNA fragments. Each cDNA fragment was ligated to pGEX-6P-1 expression vector via BamHI and EcoRI site, and the ligated mixture was used to transform E. coli strain BL21. By colony PCR (18) with an antisense oligonucleotide of each cDNA and a sense pGEX-5Ј-sequencing primer in pGEX-6P-1 vector, positive clones that were able to produce a chimeric polypeptide were screened and confirmed by DNA sequencing. The glutathione S-transferase (GST)-fused polypeptides from the cell homogenates were purified by affinity chromatography on a column of glutathione-agarose beads, and the purity of each chimeric polypeptide was identified by SDS-PAGE.
Protein Blotting and Proteolysis in the Polyacrylamide-New Zealand White rabbits were immunized with a chimeric polypeptide of GST fused to residues 77-109 of the MpSv-1-translated protein. Mouse SVS proteins were resolved by SDS-PAGE on a gel slab (6.5 ϫ 10.5 ϫ 0.075 cm) according to the method of Laemmli (19) . The proteins on the gel were stained with Coomassie Brilliant Blue or transferred to a nitrocellulose membrane. After transfer, the protein blots were immunodetected by the Western blot procedure, using the antiserum as the primary antibody diluted to 1:10000 in a blocking solution (5% nonfat skimmed milk in PBS), and goat anti-rabbit IgG was conjugated with horseradish peroxidase as the secondary antibody diluted to 1:10000 in the blocking solution. The enzyme-staining bands were enhanced by chemiluminescence detection using an ECL kit according to the manufacturer's instruction.
The SVS III protein band from the polyacrylamide gel was cut out, transferred to a microcentrifuge tube, washed three times with 0.5 ml of 25 mM NH 4 HCO 3 , 50% acetonitrile, and dried. The protein samples in the gel were incubated with 0.2 unit of trypsin in 25 mM NH 4 HCO 3 at 37°C overnight. The supernatant was dried, redissolved in 30 l of 0.1% formic acid, sonicated for 30 s, heated to 40°C for 10 min, and centrifuged before mass spectral analysis.
Immunohistochemical Staining-Tissues or copulatory plugs were fixed in freshly prepared Bouin's solution (0.2% picric acid, 2% (v/v) paraformaldehyde in PBS) overnight, dehydrated in ethanol, infiltrated, and embedded in paraffin. Each section (6 m) was mounted on a slide that had been precoated with gelatin. Sections were dried at 45°C, deparaffined in xylene, and rehydrated through a gradient from alcohol to distilled water. The rehydrated sections were immersed in the blocking solution in a moisture chamber at 25°C for 1 h and washed with PBS containing 0.05% (v/v) Tween 20 (PBST) four times, each for 15 min. The sections on slides were incubated with the antiserum diluted to 1:500 in the blocking solution. After the slides had been gently agitated in four changes of PBST for 15 min each, the primary antibody was immunodetected with alkaline phosphatase-or horseradish peroxidase-conjugated anti-rabbit IgG diluted to 1:1000 in the blocking solution. Slides were incubated in 10 ml of substrate solution (0.06% 3,3Ј-diaminobenzidine and 0.03% NiCl 2 in 50 mM Tris at pH 7.6) in the presence of 10 l of 30% H 2 O 2 for 15 min at room temperature to reveal the enzyme activity staining due to horseradish peroxidase. To visualize the alkaline phosphatase activity, slides were incubated in 100ϫ dilution of nitro blue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate stock in 100 mM Tris-HCl, 100 mM NaCl, and 5 mM MgCl 2 at pH 9.0 for 15 min.
Analytical Methods-Seminal vesicles and coagulating glands of adult mice were carefully dissected free from each other. Secretion of either accessory sexual gland was performed by squeezing. Coagulating gland fluid was diluted with 20 volumes of 50 mM Tris/HCl containing 150 mM NaCl at pH 7.5, and SVS was diluted with 50 volumes of the same buffer. The coagulating gland solution was centrifuged at 12,000 ϫ g for 10 min. According to a modified method of Lundwall et al. (4) , the transglutaminase-catalyzed protein cross-link was measured in a reaction buffer of 50 mM Tris, 7.5 mM Ca 2ϩ , and 700 nM monodansylcadaverine at pH 7.5. To 20 l of SVS solution, 1 g of thrombin reaction-activated human factor XIII, 1 g of guinea pig liver transglutaminase in 20 l of the reaction buffer, or 20 l of coagulating gland fluid diluted with 20 volumes of the reaction buffer was added and incubated in the presence of or without a final concentration of 50 mM EDTA at 37°C for 1 h. The reaction solution was then mixed with an equal volume of 2ϫ SDS-PAGE sample buffer and boiled before the electrophoresis for the identification of protein cross-links.
Protein concentrations were determined using the BCA protein assay (20) according to the manufacturer's instructions. The amino acid sequence was determined using automated Edman degradation with a gas phase sequenator (492 protein sequencer with on line 140 C analyzer, PerkinElmer Life Sciences). To carry out mass spectrometric analyses on a Voyager Elite mass spectrometer (PerSeptive Biosystems, Framingham, MA), the peptide solution was mixed with an equal volume of the matrix solution (1% ␣-cyano-4-hydroxycinnamic acid, 50% (v/v) acetonitrile, and 0.1% (v/v) trifluoroacetic acid) and allowed to air-dry on a sample target. The peptide sequences were searched from the spectral peaks by a MS-fit search program.
The DNA insert in the pGEM-T-easy vector or phagmid was sequenced by the dideoxynucleotide chain termination method using a primer designed for each DNA concerned. Each base was determined at least three times by an ABI PRISM 377-96 DNA sequencer using an ABI PRISM BigDye TM terminator cycle sequencing ready reaction kit (Applied Biosystems, Foster City, CA).
RESULTS
The Genomic Structure of MpSv-1-The MpSv-1 cDNA fragment (see "Experimental Procedures") was used as a probe to screen a cDNA library of the mouse seminal vesicle. The cDNA of one clone in the constructed phagmids from randomly chosen positive clones (27 positives over 10,000 phages) was sequenced to establish a MpSv-1 cDNA sequence of 1,174 bp that includes a 5Ј-untranslated region of 6 bp, an open reading frame of 798 bp, which encodes the full length of a polypeptide chain consisting of 265 amino acid residues, and a 3Ј-untranslated region of 370 bp, which ends with a polyadenylated region (Fig. 1) . Determination of the 5Ј-end sequence of the mRNA by 5Ј-RACE analysis supported the transcription initiation site at 22 bp upstream from the ATG start codon.
Four DNA fragments, DF I-IV of the MpSv-1 gene (Fig. 1 ), were amplified (see "Experimental Procedures"). The nucleotide sequences of the 2182, 490, 514, and 1704 bp determined from DF I-IV were aligned to establish the MpSv-1 genomic sequence consisting of 4346 bp. The cDNA sequence was confirmed in the genomic sequence. Alignment of the genomic sequences with the cDNA sequence identified a 5Ј-flanking region up to Ϫ2123 bp from the transcription initiation site, three exons of 95, 765, and 330 bp, and two introns of 222 and 811 bp (Fig. 1) . All of the exon/intron boundaries conform to the GT-AG consensus rule. A TATA box appears at 22ϳ28 bp upstream of the transcription initiation site, and no CAAT box element is present within about 100 bp of the 5Ј-flanking region. The consensus binding sequence for several transcription factors including PEA3 (nucleotides Ϫ1007 ϳ Ϫ1002, Ϫ804 ϳ Ϫ799, and Ϫ562 ϳ Ϫ557) and GATA (nucleotides Ϫ97 ϳ Ϫ92) were found. Exon 1 encodes a short peptide of 24 amino acid residues with the general features of a signal sequence that contains a 7-to 11-residue hydrophobic core preceded by one or two basic residues at the N terminus of some eukaryotic secretory proteins (Fig. 1) , suggesting that the translational product of MpSv-1 is a secretory protein. A termination codon of TAA appears in exon 2 that encodes 241 amino acid residues of the protein in its entirety. Downstream of the termination codon, including exon 3, is not translated. The deduced protein sequence was predicted to have a higher ␤-sheet/␣-helix potential and a very low turn-structure potential in residues 1-145, whereas considerable turn structure in addition to ␣-helix and ␤-sheet was predicted in residues 146 -265 (Fig. 1) .
SVS III Is a Novel 34-kDa Glycoprotein
Derived from MpSv-1-Because residues 77-109 in the deduced protein sequence share a very low degree of similarity with the peptide sequence of mouse seminal vesicle secretory proteins that have been reported thus far and they were estimated to have a high antigenic index by the method of Jameson-Wolf (21), GST fused to this peptide segment was used to immunize rabbits. Among the mouse SVS proteins on the gel slab of SDS-PAGE (Fig. 2,  lane 1) , the antiserum was immunoreactive only to SVS III that was identified as a 34-kDa glycoprotein (cf. lanes 2 and 3 of Fig.  2 ), indicating the high specificity of the antibody against SVS III in the antiserum. The consensus Asn-Xaa-(Ser/Thr) for a N-linked carbohydrate (22, 23) is not present in the protein sequence, suggesting O-glycoconjugate in SVS III. For some unknown reason, we failed to determine the NH 2 -terminal residues of SVS III by automated Edman degradation after the protein had been transferred from the polyacrylamide gel to a polyvinylidene difluoride membrane. Instead, we digested SVS III in the polyacrylamide gel with trypsin and determined the molecular mass of each trypsin digest from mass spectral analysis. The MS-fit search result confirmed the peptide fragments of residues 206 -215, 177-188, 163-174, and 224 -240, because they were matched with the theoretical molecular mass estimated for each peptide fragment that was predicted from trypsin digestion of the cDNA-deduced protein sequence (Fig. 1) . This substantiated SVS III as derived from MpSv-1.
Androgen Stimulates SVS III Expression in the Luminal Epithelium of Seminal Vesicle-The tissue distribution of SVS III RNA message was examined in the reproductive tracts of adult mice, including seminal vesicle, epididymis, testis, coagulating gland, vas deferens, uterus, ovary, prostate, and vagina, and in the non-reproductive organs, including lung, kidney, brain, spleen, liver, pancreas, and heart. The mRNA was abundant in seminal vesicle but was not detectable in the other tissues (not shown). The immunohistochemical staining patterns of SVS III in a tissue slice of the adult seminal vesicles revealed that the immunoreactivity was mainly localized to the luminal epithelium of the primary and the secondary mucosa folds and that the immunochemical staining was very weak in the smooth muscle layer (Fig. 3) . The strong immunochemical staining intensity of SVS III in the lumen supports the idea that SVS III accumulates in the lumen as a result of its secretion from the luminal epithelium.
The SVS III mRNA level in the seminal vesicles at different ages was compared in order to assess whether SVS III mRNA expression coincided with the development of this accessory sexual gland. A very low level of the mRNA message was detected in mice younger than 3 weeks old, appeared strongly when they were 4 weeks old, increased to its highest level when they were 6 weeks old, and remained at this higher level thereafter (Fig. 4) expression with the development of this accessory sexual gland prompted the assessment of the androgenic effect on the gene expression in vivo. As shown in the Northern blot analysis (inset of Fig. 4) , the SVS III mRNA disappeared in the tissues of adult mice that had been castrated 3 weeks earlier and received a daily injection of corn oil only. The RNA message reappeared in the tissues of castrated mice after they had received daily injections of testosterone propionate in corn oil for 8 consecutive days (subcutaneously, 5 g/g body weight per day). As compared with the SVS III mRNA level in seminal vesicles of normal adults, the absence of SVS III mRNA in the control castrates and its recovery soon after the hormonal administration revealed the androgenic stimulation of gene expression in seminal vesicle. According to the consensus palindrome of ARE, AGAACAnnnTGTTCT (24), five ARE-like sequences with 50 -67% identity to the consensus ARE were identified in the MpSv-1 genomic sequence. Four of these potential AREs are found spread over the 5Ј-flanking region and one in the second intron (Fig. 1) .
SVS III in Copulatory Plug and Its Transglutaminase
Crosslinking Site-Following the standard procedures for the immunochemical staining, 6-m cross-sections of a copulatory plug were treated with the antiserum against SVS III and alkaline phosphatase-conjugated goat anti-rabbit IgG. The SVS III immunoreactivity reflected by the intensity of enzyme activity staining was very high in contrast to the control specimen treated with normal serum (Fig. 5) . Apparently, SVS III is one of the seminal vesicle secretory proteins involved in the formation of the copulatory plug.
Transglutaminase is a Ca 2ϩ -dependent enzyme that catalyzes the formation of an isopeptide bond between its protein substrate through ⑀-(␥-glutamyl)lysine cross-bridges (8) . To determine what protein components in SVS serve as the substrate of this enzyme, SVS was incubated with an extract of mouse coagulating gland, human plasma factor XIII, or guinea pig liver transglutaminase in the presence of monodansylcadaverine in a reaction buffer. Monodansylcadaverine was used as a fluorescent substrate of transglutaminase (25) . The protein components after incubation were identified by SDS-PAGE (Fig. 6) . Only a major protein band over 105 kDa and a minor 55-kDa band were identified in the coagulating gland extract (Fig. 6A, lane 2) . This caused no confusion with the identification of mouse SVS protein (cf. lanes 1 and 2 of Fig.  6A ). All of the SVS I-III were cross-linked by the enzymes from different origins to form high molecular weight complexes, which incorporated monodansylcadaverine and appeared at the application site of polyacrylamide gel (cf. lanes 4, 6, and 8 in Fig. 6, A and C) . SVS IϳIII were not cross-linked when the enzyme activity was inhibited by the addition of EDTA to the reaction buffer (cf. lanes 3, 5, and 7 in Fig. 6, A and C) . SVS III in the cross-linked complex or its free form in the incubation was also confirmed by Western blot analysis (Fig. 6B) . For the time being, we were unable to explain whether each of SVS I-III was cross-linked itself or they were cross-linked to each other in the formation of high molecular weight complexes.
We measured the transglutaminase substrate activity of recombinant polypeptides including GST fused to residues 21-105 (F1), 77-109 (F2), 109 -115 (F3), 116 -121 (F4), 116 -145 (F5), 147-196 (F6), and 197-236 (F7) of SVS III (Fig. 7) . GST, F1, F2, F5, F6, and F7 were respectively identified as a 28.4-, 37.8-, 33.8-, 31.5-, 34.1-, and 33.3-kDa band by SDS-PAGE. The enzyme did not cross-link either GST or F1 (lanes 1 and 2 of Fig. 7) , whereas the enzyme-catalyzed cross-links of F5 were very striking (cf. lanes 7 and 8 of Fig. 7 ). There remained almost no free form of F5 after the enzyme reaction. Based on the relation between molecular size and protein mobility on SDS-PAGE, dimers, trimers, tetramers, pentamers, and hexamers of F5 were clearly identified. Homopolymers even larger than hexamers were also detected. Apparently, F5 were intermolecularly cross-linked by the enzyme reaction. Unlike F5, almost all of F2, F6, or F7 remained in the free form, and only trace amounts of dimers/trimers were formed from each of these three chimeric polypeptides after the enzyme treatment, indicating that 106 Fig. 7 ). F4 was cross-linked to dimer by the enzyme reaction (cf. lanes 5 and 6 of Fig. 7 sequence QXK(S/T) in residues 116 -145 act as the transglutaminase cross-linking sites. DISCUSSION REST genes have their transcription unit split into three exons, and most of the coding nucleotides are present in their second exons. The nucleotide sequences are highly conserved in their first exons, first introns, second introns, and third exons, but their second exons may undergo rapid evolution, which give rise to proteins that are not similar in their primary structure (11) . A pairwise comparison between MpSv-1 and the human semenogelin I gene (26) or MpSv-1 and the mouse SVS II gene (12) showed nucleotide sequence conservation in their first exons, first introns, second introns, and third exons and a significant difference in the nucleotide sequences of their second exons (Fig. 8) . Such a characteristic arrangement of the transcript unit of the MpSv-1 gene together with the demonstration of its translated protein as a transglutaminase substrate suggests it as a new member of the REST gene family.
The protein sequence deduced from MpSv-1 cDNA (Fig. 1) is not identically aligned with the primary structures reported for mouse SVS proteins such as SVA (27) , SVS II (4), SVS IV (3), SVS VII (5), and P12 (28). Our results support SVS III, which differs from SVS I and SVS II, as a novel 34-kDa glycoprotein derived from MpSv-1. Lundwall et al. (4) have demonstrated transglutaminase-catalyzed protein cross-linking of mouse SVS I and II. In this work, we have demonstrated that, in addition to these two SVS proteins, SVS III is also cross-linked by transglutaminase from different origins. This agrees with the strong immunoreactivity of SVS III detected in a crosssection of a copulatory plug (Fig. 5) , which manifests an important role for SVS III as a new semenoclotin involved in the protein cross-linking in the copulatory plug.
The transcription of MpSv-1 is exclusive to the seminal vesicle and SVS III is predominantly secreted from the luminal epithelium of mucosa folds in this accessory sexual gland into the lumen (Fig. 3) . The castration of male adults results in the disappearance of the RNA message in seminal vesicle, and the gene expression is restored in the accessory sexual gland after administration of testosterone to the castrated males. This is consistent with the lack of MpSv-1 mRNA in the seminal vesicle before puberty, when serum androgen is at a low level, and represents a positive correlation of androgen-stimulated MpSv-1 expression with the animal maturation. Since castration causes considerable involution of the seminal vesicle, the increase in MpSv-1 mRNA after testosterone administration to castrates may result from either androgen-induced cell proliferation or from androgen-dependent gene expression. Whether the ARE-like sequences in MpSv-1 are functional awaits future study.
Until now, the protein substrate of transglutaminase in mouse SVS, namely SVS I-III, have not been purified. This hinders the characterization of transglutaminase-activated sites in the protein molecules by direct protein analysis. In this work, we tackled the problem by an alternative approach. As is well known, transglutaminase catalyzes the protein cross-links through an acyl transfer reaction in which the ␥-carboxamide group of a glutamine residue on one protein molecule serves as the primary substrate of an acyl donor, and the ⑀-amino group of a lysine residue on the other protein molecule acts as an acceptor substrate. Previous studies indicate that a hydrophobic residue, adjacent to and on either the carboxyl side of the glutamine residue or the amino side of the lysine residue in a polypeptide, enhances significantly their substrate activity (29, 30) . The opposite effect prevails when a hydrophobic residue is on the amino side of the glutamine residue or the carboxyl side of the lysine residue. Mouse SVS III has a high content of glutamines and lysines, which together amount to 20% of all amino acid residues of the protein. There are 29 glutamines and 24 lysines in one SVS III molecule. The 7 glutamines and 5 lysines in the central part, residues 116 -147, of this protein are in a cluster of five tandem repeats of the short peptide QXK(S/T) that is characteristic of a transglutaminase substrate acyl donor as well as an acyl acceptor. No such peptide sequence is present in either the NH 2 -terminal region (residues 1-115) that has 9 glutamine residues and 10 lysine residues or the COOH-terminal region (residues 146 -265) that contains 13 glutamine residues and 9 lysine residues. Using the recombinant polypeptide of GST fused to different parts of the SVS III molecule, we have demonstrated that neither the NH 2 -terminal nor the COOH-terminal region but the central region of SVS III is the transglutaminase cross-linking site (Fig. 7) . The lack of a predicted turn structure in the central region (Fig. 1 ) makes the five tandem repeats unlikely to juxtapose in an antiparallel arrangement. Rather the secondary structure of this region may be extended to expose the transglutaminase substrate residues for the glutamine-lysine cross-linking.
The characteristic arrangement of the transcription unit in the REST gene has also been found in the rat SVS II gene (31) and guinea pig SVP genes (32), but no demonstration about the cross-linking of these proteins by transglutaminase has yet been reported, despite suggestions that they are transglutaminase substrates. Like mouse SVS III, a high content of glutamine and lysine residues makes up 22, 27, 30, and 20% of total amino acid residues in human semenogelin I, mouse SVS II, rat SVS II, and guinea pig SVP-1, respectively. The peptide sequence QXK(S/T) is tandem-repeated in mouse SVS II and rat SVS II but is absent in human semenogelin and guinea pig SVP. Possibly, the REST genes may evolve to species-specific transglutaminase-activated sites. Mouse SVS II contains 375 amino acid residues with 20 segments of QXK(S/T) in one region, which comprises tandem repeats of the sequence QVKSSGS that extends from residue 82 to approximately residue 250 (4) . Such a dense QXK(S/T) in the central parts of mouse SVS II and SVS III is characteristic in the nucleotide sequence similarity shown in a rectangular box on the dot plot of these two genes (Fig. 8) . The same situation occurs in the rat SVS II, which is made up of 414 amino acid residues in which over 50% of the protein exhibits a 13-residue repeat with the consensus sequence QSQLKSFGQVKSS that spans residues 86 -298 of the protein molecule. Mouse SVS II and rat SVS II were proposed to have their internal repetitive structure in an antiparallel arrangement by spatial juxtaposition of the transglutaminase substrate residues for glutamine-lysine crosslinking (31) . It raises a question of whether the conformation formed by such an internal structure is necessary for a transglutaminase substrate. This necessity may be ruled out in light of our demonstration that one segment of QXK(S/T) as a basic unit is sufficient for the transglutaminase-catalyzed cross-linking. The internal antiparallel structure in mouse SVS II and rat SVS II is unlikely in the central part of the SVS III molecule, suggesting that SVS II and SVS III may have different roles in copulatory plug formation.
